ABSTRACT We report a method for tracking individual quantum dot (QD) labeled proteins inside of live cells that uses four overlapping confocal volume elements and active feedback once every 5 ms to follow three-dimensional molecular motion. This method has substantial advantages over three-dimensional molecular tracking methods based upon charge-coupled device cameras, including increased Z-tracking range (10 µm demonstrated here), substantially lower excitation powers (15 µW used here), and the ability to perform time-resolved spectroscopy (such as fluorescence lifetime measurements or fluorescence correlation spectroscopy) on the molecules being tracked. In particular, we show for the first time fluorescence photon antibunching of individual QD labeled proteins in live cells and demonstrate the ability to track individual dye-labeled nucleotides (Cy5-dUTP) at biologically relevant transport rates. To demonstrate the power of these methods for exploring the spatiotemporal dynamics of live cells, we follow individual QD-labeled IgE-FcεRI receptors both on and inside rat mast cells. Trajectories of receptors on the plasma membrane reveal three-dimensional, nanoscale features of the cell surface topology. During later stages of the signal transduction cascade, clusters of QD labeled IgEFcεRI were captured in the act of ligand-mediated endocytosis and tracked during rapid (∼950 nm/s) vesicular transit through the cell.
T he direct observation of individual biological molecules in motion can transform our view of important biophysical and cellular processes. 1 For example, single molecule tracking has shed significant light on cellular membrane dynamics, [2] [3] [4] motor protein kinetics, 5, 6 and gene regulation. 7 Advantages of a single molecule approach include the ability to observe dynamic, stochastic behavior (such as compartmentalized diffusion 2, 4 ) that would be masked in ensemble measurements and the ability for localization of molecules with a precision well below the diffraction limit of light. 5, 6 To date the field has primarily relied on wide-field imaging with a charge-coupled device (CCD) camera, a method that generally captures spatiotemporal dynamics in only two dimensions.
While following the motion of individual molecules in two dimensions is a proven and powerful method to explore biomolecular function, most aspects of life, including protein and RNA trafficking, inherently involve motion throughout three spatial dimensions. Unfortunately, tracking single molecules moving through three dimensions is a difficult, and until recently, [8] [9] [10] [11] [12] [13] [14] [15] unsolved technical problem. Many of the newly developed approaches to three-dimensional (3D) molecular tracking use CCD cameras, either encoding Z information in their point-spread function 8, 10 or follow the Z position with multiple cameras or image planes. 9, 14 While these camera-based techniques can capture 3D molecular motion, they are generally limited in their Z-tracking range in cells to approximately (1 µm from a fixed focal plane, 8, 10, 14, 16 due to the shallow depth of field of high numerical aperture microscope objectives needed for single molecule work. We point out the obvious: many cells are substantially thicker than 2 µm and different methods and techniques are required to follow single molecules throughout entire threedimensional cell volumes. In addition to its quite limiting Z-tracking range, CCD-based tracking approaches are also bounded in temporal resolution by the CCD frame rate (∼1 ms for fast EM-CCDs) and must illuminate an entire cell slice at relatively large excitation intensities (∼40 W/cm 2 ). In contrast to 3D molecular tracking based upon CCD cameras, 3D molecular tracking with confocal feedback [11] [12] [13] 15, 17 offers substantial advantages. First, the Ztracking range is not limited by the depth of field of the objective (∼1-2 µm), but rather is limited by the travel of the stage (10 µm) and ultimately limited by the working distance of the objective (∼200 µm for the water immersion objective used here). This increase in Z-tracking range enables tracking biomolecular motion throughout the entire volume of many mammalian cells. Second, the temporal resolution is limited by the instrument response of a single element detector (∼400 ps for single photon counting avalanche photodioes) and can thus potentially follow fast, dynamic motion on time scales orders of magnitude faster than CCDs 18 or perform timeresolved spectroscopy on the molecules being followed. 11, 15 Third, as confocal excitation employs a tightly focused laser beam, whole-cell oxidative photodamage is substantially less than it is for wide-field excitation.
Our previous investigations using 3D tracking via four overlapping confocal volume elements demonstrated one can follow individual quantum dots in three dimensions at biologically relevant transport rates 13 and in high background environments. 15 Here we show the same 3D tracking method can be used to follow protein traffic in live cells. In brief, our method uses four fiber optics as spatial filters (see Figure 1 ) to simultaneously monitor four, near diffraction limited, points in the sample. Because of the arrangement and spacing of the fiber optics with respect to the tube lens of the microscope, the aggregate optical probe volume forms a three-dimensional tetrahedron in the sample space. We note that even though the fiber optics have a small (∼10 µm) gap between them (Figure 1 ), the four detection volumes in the sample space overlap to a large extent ( Figure S1 of the Supporting Information). In particular, when the fluorescence image of a quantum dot is placed between two fibers, the sum of the counts for both detectors in a given image plane is only ∼10% less than the sum of the counts obtained when the quantum dot image is exactly centered on one of the fibers (Supporting Information Figure S1 ). When a single fluorescent molecule is present in the probe volume, active feedback of a fast XYZ piezo stage is used to keep the counts on all four photon detectors equal and as large as possible with the stage position adjusted once every 5 ms. 15 The three-dimensional localization accuracy for a single quantum dot in 5 ms is ∼50 nm in X,Y and ∼80 nm in Z, with the localization accuracy improving approximately with the square root of the integration period (Supporting Information Figure S2 ). We note our approach to 3D molecular tracking is in many ways reminiscent of Berg's pioneering methods of following individual bacteria during chemotaxis, 19, 20 with the following exceptions: we employ four detectors (rather than six) for 3D positional sensitivity, we use pulsed excitation and time-correlated single photon counting to record the arrival time of every photon detected with ∼400 ps accuracy, and we can follow small, dim objects such as single quantum dots 13, 15 or single organic dyes (see Figure 2 ). As a model system for following protein traffic in live cells, we take advantage of monovalent QD-IgE DNP probes, previously shown to bind intact FcεRI on the surface of the RBL-2H3 rat tumor mast cell line without perturbing the activation state of the receptor. 4 Cross-linking of multiple QD-IgE-FcεRI complexes with polyvalent ligand (DNP 23 -BSA) leads to receptor activation, inducing a complex tyrosine kinase cascade and release of histamine and other inflammatory mediators. 21 FcεRI cross-linking also induces marked changes in cell morphology, including extensive membrane ruffling 22 and receptor internalization.
23 Figure 3 and Supporting Information movie SM3 show a 3D trajectory of a single QD-labeled IgE-FcεRI complex on the side of an unstimulated mast cell at 37°C. This trajectory shows we can follow motion over several micrometers in the Z-dimension ( Figure 3A,D) and also highlights the timeresolved spectroscopies that can be performed while tracking ( Figure 3F-H) . During the ∼14 s observation period, the QD-IgE-FcεRI motion follows a complex 3D topology on the side of the mast cell that includes motion over 4 µm in the Z-direction (Figure 3A,D) . The mean-squared displacement (MSD; Figure 3E , blue) for this trajectory shows highly corralled diffusion (with a corral size of ∼1.6 µm) with fits to the early portion of the MSD revealing an intercorral (or instantaneous) diffusion rate of 0.21 µm 2 /sec, which is slightly faster than previous measurements of IgE-FcεRI diffusion on the basal membrane surface. 4 In addition to recording the entire XYZ trajectory for this single molecule, the arrival time of every photon is recorded with ∼400 ps time resolution. Recording the arrival times of individual photons opens the door to time-resolved analysis methods impossible with conventional CCD cameras. Three methods of analyzing this data are shown in Figure 3F -H. Figure 3F shows a histogram of the delay times between adjacent detected photons (a pair correlation measurement), showing fluorescence photon antibunching 24, 25 from a single quantum dot undergoing motion on a live cell (the central peak is nonzero due to the background cellular autofluorescence 15, 26 ). The fact the photons are antibunched in time (i.e., we infrequently detect two photons simultaneously) is a rigorous demonstration that this track is of a single quantum system. 24, 25 Another means of analyzing the raw photon data is to construct a histogram of photon arrival times with respect to the laser pulse ( Figure 3G ), which measures the fluorescence lifetime of the QD. Here we show the histogram for the entire trajectory, but we have previously shown this information can also be obtained as a function of time/molecule position. 15 In Figure 3H , fluorescence correlation spectroscopy (FCS) 27 is used to analyze the fluctuations in emission intensity observed during the trajectory with the correlation decay for this trajectory being dominated by QD blinking. 28 FCS is a powerful analysis method to observe biomolecular conformational fluctuations 29, 30 or to probe dynamics in live cells. 31, 32 However, in general, observation times for most FCS measurements are limited to the transit of the molecule through the optical probe volume (∼10 ms or less) . Here, we demonstrate that FCS can be performed on the same molecule in a live cell for an extended time period even while this molecule is moving at biological transport rates.
In addition to the temporal resolution afforded by confocal 3D tracking, the path of single QD-IgE-FcεRI can map out complex 3D topologies on cell surfaces, 33 as demonstrated in Figure 4 . During the first 25 s, the motion of this receptor is essentially two-dimensional with this 2D surface (the cell membrane) being nearly perpendicular to the XY plane. However, this receptor then ventures perpendicular to cell membrane it has previously been confined to, mapping out a complex 3D nanotopology (most likely a cellular filopodia). Another example of 3D tracking mapping out 3D membrane topology is given by Supporting Information Figure S6 and Movie SM6, which show a the 3D trajectory for a single QDIgE-FcεRI on a highly curved region of the plasma membrane.
While our ability to follow individual quantum dot labeled IgE-FcεRI receptors is usually limited by long-lived (>10 ms) dark states (i.e., QD blinking 15, 28 ), aggregated, cross-linked clusters of multiple IgE-FcεRI receptors (each labeled with a QD) can be followed for very long time periods (several minutes). This is shown in Figure 5 and Supporting Information Movie SM5, where a cluster of ∼5 QD-IgE-FcεRI receptors travels on the apical cell membrane for several minutes after the addition of antigen. Changes in the Z position during this phase are consistent with travels across a ruffled landscape 22 created by dynamic rearrangement of the underlying actin cytoskeleton. At ∼250 s into observation, the receptor complex is taken up into an endocytic vesicle, plunging nearly 7 µm into the cell interior and reaching an average velocity of 950 nm/sec during this transport event, consistent with previous measures of endocytic transport rates. 34 Additional examples of large-scale Z-directional motion in QD-IgE-FcεRI complexes, observed in antigen-stimulated RBL-2H3 cells, are found in the Supporting Information ( Figures  S7, S8 , and S9 and Movies SM7, SM8, and SM9).
In summary, we have demonstrated a confocal tracking method capable of following individual quantum dot-labeled signaling molecules, in three dimensions, on and inside living cells. Trajectories can be measured for minutes and can extend up to 10 µm in all spatial dimensions, enabling tracking throughout the entire volume of many mammalian cells. In addition to the substantial kinetic data obtained from these three-dimensional trajectories, individual photon arrival times are recorded with ∼400 ps accuracy, enabling a number of time-resolved analysis methods impossible with camera-based tracking methods.
Supporting Information Available. Materials and Methods and a list of equations used for fitting and data analysis are included. Supporting figures include 1D slices and 2D contour plots of our combined excitation/collection efficiency (S1) and an experimental measure of our tracking accuracy as a function of integration time (S2), and selected 3D trajectories of QD-IgEFcεRI on and inside antigen-stimulated ( Figures S7-S9 ) and unstimulated ( Figure S6 ) mast cells. QuickTime movies, which show how the 3D trajectories of QD-IgE-FcεRI evolve with time, are available for all trajectories shown in the main text and in the Supporting Information. This material is available free of charge via the Internet at http://pubs.acs.org.
